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INTRODUCTION
Mercury is a ubiquitous environmental contaminant and comes from many natural and anthropogenic sources. Atmospheric deposition and naturally occurring minerals are possible sources of mercury, but various land-use and land-cover types also may contribute disproportionate amounts of methylmercury to aquatic ecosystems. Typically, mercury occurs in very low concentrations in surface waters, in both inorganic and organic forms. Inorganic mercury is not particularly toxic, but under certain conditions can be converted to organic mercury (methylmercury), a potent neurotoxin, by bacterially mediated methylation and assimilated by aquatic organisms and magnified in the food chain (Krabbenhoft and Rickert, 1995) . Small amounts of inorganic mercury can cause problems in aquatic ecosystems when conditions are suitable for methylation, which primarily occurs as a by-product of bacterially mediated sulfate reduction.
Methlymercury is a potent form of organic mercury and is among the most toxic and widespread contaminants affecting the Nation's aquatic ecosystems (Brumbaugh and others, 2001 ). Methylation and bioaccumulation of mercury pose toxicological risks to both fish (Wiener and Spry, 1996) and humans (U.S. Environmental Protection Agency, 1997 Mercury contamination of aquatic ecosystems is a resource concern in Voyageurs National Park. High levels of mercury in fish pose a potential risk to organisms that consume large amounts of those fish. This includes both humans and piscivorous (fish-eating) wildlife such as loons, osprey, and eagles.
Concentrations of mercury in northern pike (Esox lucius), a common gamefish species in the Park, vary widely among the lakes in Voyageurs National Park. The estimated concentration of mercury in edible fillets of northern pike (standardized to a length of 55-cm to facilitate comparison among lakes) ranges more than ten-fold, from 0.16 μg/g (wet weight) in Mukooda Lake to 2.3 μg/g in Ryan Lake (Jeff Jeremiason, Minnesota Pollution Control Agency, written commun., 2002; including unpublished data from 2 Gary Glass, University of Minnesota-Duluth).
Tooth and Ryan Lakes in Voyageurs National Park have the greatest concentrations of mercury in fish among Minnesota lakes (using a 55-cm standardized northern pike for comparison). The State of Minnesota recommends no consumption of greater-than-76 cm (30-inch) northern pike from Tooth Lake (Minnesota Department of Health, 1998), which is the single most restrictive advisory the State has issued. Less restrictive fish-consumption advisories exist for many of the Park lakes.
Mercury may be diminishing reproductive success of common loons (Gavia immer) and other piscivorous wildlife in the Park. Recent toxicological investigations suggest that methylmercury contamination of aquatic food webs adversely affects piscivorous fish and wildlife. Methylmercury is the most bioaccumulative and toxic form of mercury that occurs in nature, and is of primary concern when studying mercury cycling. Methylmercury damages the central nervous system, and embryos are the most sensitive life stage of vertebrate organisms (Clarkson, 1992; Scheuhammer, 1991) . For example, the effects of methylmercury on birds are much more severe in embryos and chicks than in adults, and low-level dietary exposures that cause no measurable effect in adult birds can significantly impair egg fertility, hatchling survival, and overall reproductive success (Scheuhammer, 1991) . Common loon chicks feeding on fish from low pH lakes in northern Wisconsin lakes have elevated concentrations of mercury in their blood (Meyer and others, 1995) , and diminished reproduction has been observed in some of these lakes (Meyer and others, 1998) . In Ontario, Scheuhammer and Blancher (1994) estimate that 30 percent of the lakes had prey-size fish with mercury levels high enough to impair reproduction of common loons.
Based on relations between predator and prey fish species, it is likely that some Park lakes with high levels of mercury in gamefish have mercury levels of 0.3-0.4 μg/g in prey species, such as young yellow perch (James Wiener, U.S. Geological Survey, La Crosse, Wisc., oral commun., 2000) . These levels in prey fish species have been shown to adversely effect loon reproduction (Barr, 1986) , and may adversely affect other piscivores such as gamefish. Friedmann and others (1996) found that testicular development and immune function were inhibited by mercury levels of 100 ng/g (0.1 µg/g) in food, a dietary methylmercury concentration available to piscivorous fish in many North American waters.
The processes and factors causing large variability in fish-mercury levels among Voyageurs National Park lakes have not yet been identified. It is likely that within this small geographic area, atmospheric mercury deposition is uniform. Greater than 90 percent of the mercury that enters remote lakes is derived from the atmospheric deposition (Swain and others, 1992) . Large inter-lake variability in fish-mercury levels indicates that factors other than mercury deposition control mercury accumulation in fish.
Many factors affect mercury cycling and bioaccumulation, although the cycling is complex and not completely understood. Variability in lake trophic status, food web structure, size, and morphometry all influence, or at least correlate with, mercury levels in fish (Wiener and Spry, 1996) . Low-alkalinity, low-pH lakes, such as those found in the Park, often have fish with high fishmercury levels (Swain and Helwig, 1989; Wiener and Spry, 1996) . Lakes that have large watershed-area to lake-surface-area ratios tend to have greater mercury accumulation rates, because some fraction of mercury deposited in upland areas is delivered to the lake (Swain, and others, 1992) . Wetlands can be net sinks of total mercury, but net sources of methylmercury (St. Louis and others, 1994) .
Analysis of mercury in lake-sediment cores from mid North American lakes has shown that mercury accumulation rates have almost tripled since pre-industrial times (Swain and others, 1992) , and this increase has been attributed to atmospheric transport and deposition from industrial sources. Recent measurements of methylmercury in lakesediment cores indicates that the percentage of total mercury that is in the methylmercury form has increased substantially since the mid 1900's in some lakes-including four lakes in Voyageurs National Park (Engstrom and others, 1999) .
The U.S. Geological Survey, in cooperation with the National Park Service, and the Minnesota Pollution Control Agency conducted a study to measure seasonality and spatial variability of total mercury and methylmercury concentrations in 20 lakes in Voyageurs National Park. This report presents the data collected from this study during 2000-02.
METHODS
Mercury occurs in low concentration in water, and may be present in low concentrations in the atmosphere and on surfaces near or in the sampling and processing environment. Precautions are necessary during sample collection such that exposure of the water sample to different collection containers, humans, and the 3 atmosphere must be minimized. For this study, two-person ultra-clean sampling procedures (U.S. Environmental Protection Agency (USEPA) Method 1669 (U.S. Environmental Protection Agency, 1996)) were used to collect the water samples analyzed for mercury constituents. The collectors wore disposable shoulder-length polyethylene gloves and wrist-length latex gloves. Sample bottles were contained with double polyethylene bags, and any materials and containers that contacted the sample water were cleaned following procedures outlined by Olson and DeWild (1999) .
Twenty lakes ( fig. 1 ) were sampled in May, July, and September during 2001 and during May and July 2002 for determination of total mercury and methylmercury from epilimnetic (near surface) waters. The same lakes were sampled for major ions, nutrients, and organic carbon once. Water also was collected from the hypolimnion (near bottom) waters once during midsummer (July 2001). This sampling was conducted using trace-metalclean protocols that have been demonstrated to not contaminate samples. Total mercury, methylmercury, elemental mercury, and total organic carbon were analyzed at the USGS-WRD mercury laboratory in Middleton, Wisconsin (the "Laboratory" hereinafter). This laboratory is a class-100 clean-room facility, and quality-assurance procedures are available at URL http://infotrek.er.usgs.gov/doc/mercury/. Total mercury concentrations were determined using USEPA method 1631 (U.S. Environmental Protection Agency, 1999) as modified by Olson and DeWild (1999) . Methylmercury concentrations were determined using methods described in De Wild and others (2002) . Total organic carbon concentrations were determined using a carbon analyzer (model 1010, OI Analytical, College Station Texas) using Standard Method 5301D (American Public Health Association and others, 1998). Major ions were analyzed at the USGS National Water Quality Laboratory in Lakewood, Colorado. A vertical profile of field parameters (specific conductance, temperature, dissolved oxygen, pH, and Secchi transparency) was obtained at each sampling. Twenty percent of all field-submitted samples were quality-control samples (field blanks and replicates) and in-lake spatial variability samples.
The 20 study lakes ( fig. 1 ; table 1) were selected to maximize withinPark gradients in water chemistry, fish-mercury levels, and landscape features. Use of data was maximized from past and ongoing studies in the Park. Each of the study lakes has been sampled for routine water-quality parameters. Nearly all have been sampled for gamefish that were analyzed for mercury (typically northern pike; some walleye and muskellunge; cited above) and age-1 yellow perch, and this work is planned to continue under State programs and MPCA-USGS cooperative studies.
Four lakes were sampled for total mercury, and methylmercury as a pilot study during May-September 2000 (Little Trout, Locator, Shoepack, and Tooth Lakes) (table 2). These lake bottoms were cored, and sediment-mercury accumulation rates were determined, and three of these four lakes had methylmercury analyzed in sediment profiles (Engstrom and others, 1999 (table 12) were obtained after rinsing the pump tubing with 1 percent hydrochloric acid (standard procedure after sampling each site). Quality assurance sample results are presented in tables 11 and 12.
To assess spatial variability of methylmercury and total mercury concentrations, sets of spatial-variability samples were collected from Locator Lake during July 2001 and Net Lake during August 2002. Surface samples were collected from 5-6 points across each lake ( Net 1 1 Net Lake had drained due to the failure of a beaver dam.
- 1 Net Lake had drained due to the failure of a beaver dam.
- Cruiser Lake was not included in this study because of consistently low mercury and methylmercury concentrations, and because a collaborative fish study did not sample fish from this lake.
- 
